A series of new ionic binuclear Pd(II) complexes supported by water soluble bis(α-diimine) ligands were prepared and employed as catalysts for the palladiumcatalyzed Suzuki reaction in aqueous media. The binuclear nature of the complexes increased the reaction rate while electronic and steric modification of the ligand frameworks had remarkable influences upon the catalytic activity of the palladium complexes. The catalysts were shown to be homogeneous through mercury poisoning experiments and complexes could be recycled over 10 times without loss of catalytic activity.
reactions. [8] Recently, Suzuki reactions in aqueous media have sparked research interest. Water is an inexpensive, readily available, non-toxic and environmentally friendly alternative solvent in organic synthesis but is especially important in facilitating catalyst-product separation. Casalnuovo and co-workers developed Suzuki reaction in aqueous solvents catalyzed by TPPMS/Pd(OAc) 2 (TPPMS = PPh 2 (m-C 6 H 4 SO 3 K) [9] while several water-soluble phosphine analogues have also been developed. [10] [11] [12] [13] [14] [15] [16] [17] [18] Buchwald's group synthesized very effective sulfonated phosphine ligand for Suzuki reaction in aqueous media. [19] Najera and co-workers have used an oxime-carbapalladacycle [8, 20] an dinitrogenated ligands with tetrabutylammonium bromide salts (TBAB) as a catalyst for aqueous phase Suzuki reactions, with activity for the TBAB system high even for coupling unreactive arylchlorides. [21, 22] Wang and co-workers used microwaves to promote the Suzuki reaction in water, accessing shortened reaction times and high yields. [23] Little comparative effort has been made in the use of water-soluble diimine frameworks in cross-coupling reactions. Very good π acceptor and α donor property of α-diimine ligands can stabilize low and high oxidation state transition metals. Thus transition metals with α-diimines can adapt to a catalytic cycle containing an oxidative addition/reduction elimination sequence. Another advantage of these types of ligands is the facile tunability of their electronic and steric properties. [24] There are several effective palladium catalysts which have α and β-diimine skeleton used in Suzuki reaction. [7, [25] [26] [27] On the other hand, binuclear Pd(II) complexes has attracted considerable interest recently. [28] Binuclear organometallic complexes have some advantages from that of analogous mononuclear complexes. [29] Binuclear complexes may have additional oxidation states these extra oxidation state gives the complex extra stability [30] , interaction between nearby metal centers could potentially cause F o r P e e r R e v i e w increased reaction yield or yield transformation rates not possible with mononuclear analogues [31] and the distance between two metal centers also plays important role for the catalytic performance. [32] In this paper, we report a series of novel, watersoluble binuclear palladium(II) diimine complexes as catalysts for Suzuki reaction in aqueous media. The seven ligands and complexes used in this study are shown in 
Experimental Materials
All solvents were purchased and purified according to standard procedures. Other reagents were used as received from Sigma-Aldrich Company without further purification. Gas chromatographic analyses were performed on an Agilent 6890N instrument equipped with HP-1 fused silica capillary column. FT-IR spectra were recorded on a Perkin Elmer Spectrum 100 with using ATR between the 400 -4000 cm -1 range. NMR spectra were performed on a Bruker 300 MHz Ultrashiled TM using DMSO as solvent and Me 4 Si as internal standard. Elemental analyses were performed on a LECO CHSN 932.
Synthesis of diimine ligands

2,5-Diaminobenzenesulfonic acid -sodium salt,(1) and 2-Aminobenzenesulfonic acid -sodium salt (2)
The sodium salt of 2,5-diaminobenzenesulfonic acid or 2-aminobenzenesulfonic was prepared from the reaction of sulfonic acids and 1M sodium hydroxide solution F o r P e e r R e v i e w followed by removal of the water under reduced pressure, following a reported literature procedure. [33] General Procedure For the Synthesis of Ligands L1 -L5 2 mmol aldehyde or ketone (2-pyridinecarboxyaldehyde (L1), 6-methylpyridine-2-carboxaldehyde (L2), 2-acetylpyridine (L3), 2-acetyl-4-methylpyridine (L4), 2-quinolinecarboxaldehyde (L5)) and 1 mmol 1 was added to a solution of dry ethanol (50 mL) and xylene (10 mL 
Synthesis of Complex C1 -C6
All complexes were prepared via a modified literature procedure. [25] 1 mmol ligand (L1 -L6) and 2 mmol Pd(CH 3 CN) 2 Cl 2 was refluxed 12 h in acetonitrile under nitrogen ( Figure 1 ). C7 was prepared using same procedure with using 1 mmol L7 and 1 mmol Pd(CH 3 CN) 2 Cl 2 . Removal of solvent in vacuo afforded a crude solvent which was washed with diethyl ether (3 x 10 mL) and dried under vacuum. C(2')CH 3 ). 
General Procedure of Suzuki Coupling Reactions
A 50 mL Schlenk tube was equipped with a magnetic stir bar. Complex C1 -C6 and 5 mL of H 2 O were added into the flask. Then 1 mmol of aryl bromide, 1.3 mmol of arylboronic acid and 2 mmol powdered K 2 CO 3 were added into the flask. The reaction mixture was stirred at the pre-arranged temperature for appropriate reaction time. It was then cooled to room temperature, diluted with water, and extracted with CH 2 Cl 2 for three times. The organic phase was dried with Na 2 SO 4 and concentrated to yield a solid.
Mercury Poisoning Experiments
Mercury is an established poison for heterogeneous Pd-coupling reactions. For the test, the coupling reaction of 4-methylphenylboronic acid and 4-bromoanisole using C6 as a catalyst under the conditions listed in Table 3 were used. The reaction was allowed to proceed for 25 min (63% yield, determined by GC) and then 300 molar 
Catalyst Recycling for the Suzuki Reaction
Catalyst recycling experiments were performed via a modified literature procedure. [34] When the reaction of Table 4 were reacted again at 70°C for 2h. This procedure repeated for 15 times.
Results and Discussion
Synthesis and Characterization of ligands and Pd(II) complexes
Ligands were prepared via condensation reactions of the sodium salt of 2,5-diaminobenzene sulfonic acid. The diamine precursor was first dissolved in 1M NaOH and converted to 2,5-diaminobenzene sulfonic acid's sodium salt. Sodium salts of α-diimine ligands were prepared by condensing the corresponding aldehyde or ketone with sulfonated aniline in toluene using a Dean-Stark apparatus. L6 was prepared with using L5 and excess tetrabuhylammonium chloride in iso-propanol in a modified literature procedure. [35] Palladium complexes C1 -C6 were prepared with using ligands L1 -L6 and two fold Pd(CH 3 CN) 2 Cl 2 precursor in anhydrous THF [36] . Other important information about ligands coordination to metal was collected by 1 H-NMR spectra. The characteristic imine proton resonance of L1, L2
and L5 shows between δ 8.36 -8.52 ppm as a sharp singlet. Similar resonance shifts have been observed in related divalent compounds before [37] [38] [39] . Compared to those of the free ligands L1, L2 and L5, the imine proton resonances for C1, C2 and C5 are shifted downfield about 0.6 -0.8 ppm. Similar trends were observed with our and Buffin's studies before [25, 33, 40, 41] . Protons in the 6-position of the pyridine ring carbons L1, L2 and L5 [42] . All complexes are stable in air and readily soluble in polar organic compounds such as methanol, DMSO and DMF.
Influence of the Diimine Ligands on Suzuki Reaction
To examine the effect of ligands on Suzuki reaction, coupling reaction of bromobenzene and phenylboronic acid was as a model reaction. DMA (dimethyl acetamide) was used as a solvent, and K 2 CO 3 as the base. Reactivity of ligands are increased with alkyl groups because stronger donating ability of alkyl substituents, making the donor atoms more electron-rich ( [43] . Imine ligands which had two binding sites found more active than analogues which had one binding sites ( Table 1 , Entry 4 and 7).
Suzuki Reaction in Aqueous Phase
Palladium catalyzed Suzuki coupling reaction depends on several variables like reaction temperature, base system, catalyst type and amount. To regulate the reaction, coupling reaction between 4-bromoanisole and 4-methylphenylboronic acid was chosen as a model reaction. But before optimization reactions the best catalyst was determined with using model reaction and results were compared with literature results ( Table 2 ). The primary objection was determining the most active catalyst according to side groups of diimine ligands. In the series of complexes (C1 -C5), complex C4 gave the highest yield while the quinoline derivative of C5 gave low yields ( Table 2 , Entry 7). It was clear from Table 2 that increasing the alkyl group on ligand structure increased the activity of catalyst. Nolan and co-workers explained that activity increasing because of the stronger donating ability of alkyl substituents [44] . To make a clear comparison between dinuclear and mononuclear complexes C7, which is mononuclear analogue of C4, was synthesized, characterized and applied as a catalyst in Suzuki reaction (Figure 2 ). According to Table 2 , when C7 was used catalytic reaction ended in 4h. Otherwise when C4 was used as a catalyst reaction ended in 2h. These results proved that, in dinuclear complex both Pd centre works as an independent catalyst so substrates turns to products faster than mononuclear analogue. Also we compared our catalysts with Zhou's complexes which is one cored was found more active than Zhou's complexes [35] (Figure 2 ).
Figure 2 Schematic displays of C4 and C7
To improve the activity of C4, sodium group was exchanged with [NBu 4 ] + group.
[NBu 4 ] + derivative of C4 is entitled as C6. The addition of 0.5 equiv. of TBAB to the reaction mixture accelerated the reaction ( + [45, 46] . A comparison between the additives which binds to metal center (C6) and free in the reaction medium (C4 + TBAB) was made. As a result, there were no significant differences between (C4 + TBAB) and C6 observed on catalytic reaction at the same conditions ( Table 2 , Entry 8 and 9).
Also it was found that the position of the R groups effects the reaction and R groups which bind to imine carbon, increases the reaction yield ( Figure 3 . Figure 3 is a complete temperature screening of reaction and according to the figure maximum yield was obtained at 70 °C for both catalysts. As a result the reaction temperature was identified as 70°C. To determine the reaction time and base system, model reaction was screened and results were summarized in Table 3 . According to Table 3 , reaction almost completes after 2h and no significant difference was observed between selected bases so K 2 CO 3 which gave highest yield and cheaper (Table 3 , entry 1), was chosen as the suitable base. NEt 3 as an organic base was not efficient for the reaction (Table 3 entry 5).
[47] [48] [49] [50] . The coupling of 4-bromoanisole and 4-methylphenylboronic acid under optimized conditions with using C6 as a catalyst in the presence or absence of mercury was investigated. The reaction was allowed to proceed for 60 min (54% yield) before the mercury was added in a molar ratio of 300 equivalents to the palladium complex. Then the reaction was continued to proceed another 60 min, a 92% product yield was obtained. The result verifies that the palladium complex is the real catalyst in the reaction.
Effect of Catalyst on Suzuki coupling reactions
As illustrated in Table 3 , various aryl bromides containing an electron-withdrawing groups ( Table 4 , entries 1-6) and electron-donating groups (Table 4 , entries [7] [8] [9] [10] [11] [12] were tried for the cross-coupling reaction with using catalysts C4 and C6. The electron deficient aryl bromides and electron-rich aryl bromides showed an excellent reactivity and gave nearly quantitative yields. Interestingly sterically hindered aryl bromide didn't prevent the reaction and reaction completed with very high yields almost quantitatively with C6. (Table 4 , entry 12). Coupling of aryl chlorides with phenylboronic acid were tried and all reactions were completed with moderate yields (Table 4 , entries 14 -16). 
Catalyst Recycling
We knew that Pd-diimine complexes are very sensitive to aqueous media and most of Pd-diimine complexes can stay stable in water only couple of hours. On the other hand, there are some examples which can stay stable in water more than a week [33, 41] . To investigate the relation between recyclability potential of complexes and their [43] . To test the reusability of C4 and C6 model reaction was used at optimized conditions. Table 5 summarizes the reusability properties of C4 and C6. According to the Table 5, catalyst C4 can be reused for three times and the yield and conversion decreases sharply after second cycle. On the other hand, C6 was used for 10 cycles without any decrease on the yield or conversion. After 10 th cycle, yield and conversion begins to decrease and both was reached zero after 14 th cycle. According to the results, reusability properties of complexes are directly related with the stability complexes in water. To further ascertain whether the recovered catalyst is a palladium complex or palladium particles, a mercury poisoning test was designed for the reuse of the catalysts in the second runs of the coupling of model reaction under the optimized conditions. Reactions were allowed to proceed for 1h before the mercury was added in a molar ration of 300 equivalents to the palladium. Both coupling reaction was quantitatively completed after another hour. These results indicate that the recovered catalysts for both run are palladium complexes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w
Conclusion
In summary a series of new binuclear ionic sulfonated α-diimine ligands were prepared and employed as ligands for the palladium catalyzed Suzuki reactions.
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